Abstract The genetic and physiological similarities between mice and humans have focused considerable attention on rodents as potential models of human health and disease. Together with the wealth of resources, knowledge, and technologies surrounding the mouse as a model system, these similarities have propelled this species to the forefront of biomedical research. The advent of genomic manipulation has quickly led to the creation and use of genetically engineered mice as powerful tools for cutting edge studies of human disease research including the discovery, refinement, and utility of many currently available therapeutic regimes. In particular, the creation of genetically modified mice as models of human disease has remarkably changed our ability to understand the molecular mechanisms and cellular pathways underlying disease states. Moreover, the mouse models resulting from gene transfer technologies have been important components correlating an individual's gene expression profile to the development of disease pathologies. The objective of this review is to provide physician-scientists with an expansive historical and logistical overview of the creation of mouse models of human disease through gene transfer technologies. Our expectation is that this will facilitate on-going disease research studies and may initiate new areas of translational research leading to enhanced patient care.
Keywords Animal model Á Biomedical research Á Genetic engineering Á Murine Á Rodent Glossary/Definition of Terms Blastocyst embryo A day 3.5 embryo with 64-128 cells comprised of essentially two cell types: trophectoderm cells contributing to extra-embryonic membranes/tissues and inner cell mass cells (ICM) that lead to the embryo proper. In the mouse, these embryos characteristically have a diamond ring-shape appearance with a hollowed-out cavity (blastocoel) as a consequence of hydrostatic pressure generated by the trophectoderm cells cDNA clone Double stranded DNA copy of a messenger RNA (mRNA) encoding a specific gene
Conditional and/ or inducible knockouts
Mice generated by the genetic manipulation of embryonic stem (ES) cells such that a specific genetic locus has been altered by the addition of recombinase recognition elements flanking the gene sequence, or region of importance, to facilitate its deletion from the genome (i.e., the generation of a null allele) in the cells of one or more defined lineages Congenic strain of mice Strains of mice that are genetically identical except for a limited genetic region or locus. For instance, a homozygous strain of mouse can be said to be congenic to another strain of mice at a particular locus following 12 or more successive backcrosses to this new strain. Selection of offspring based on specific genetic markers at each successive generation can speed this process such that a congenic strain of mice is produced in as little as 5 backcross generations DNA methylation The chemical modification of genomic DNA occurring in many eukaryotes (particularly mammals) in which methyl (CH 3 ) groups are added to cytosine bases as a mechanism of inducing heritable changes in gene function without a change in DNA sequence (i.e., epigenetic changes). Generally, methylation is usually associated with turning-off (i.e., silencing) gene expression Embryonic Stem cell (ES cell) A pluripotent undifferentiated cell derived from the inner cell mass (ICM) of a blastocyst embryo that can give rise to cells comprising any embryonic lineage, and therefore any tissue/ organ, with the exception of the extra-embryonic lineages of the developing fetus Exon-intron splicing motifs Sequence elements in nuclear RNA representing the boundaries of gene segments that will be included (exons) or excluded (introns) during RNA processing and the production of mature mRNAs exported to the cytoplasm for translation into protein Expression cassette A DNA construct that contains the necessary transcriptional (i.e., promoter) and RNA processing motifs (i.e., exon-intron splicing and poly(A) addition recognition sites) to allow expression of a protein encoding sequence in a transgenic mouse Gain of function mutation A genetic mutation that confers new and/or enhanced activity(ies) to a given gene Genome
The total genetic information contained within a single set of chromosomes (eukaryotes) or in the heritably transferred genetic information associated with bacteria, phages, or eukaryotic DNA/RNA viruses Germ line
The lineage of embryonic and/or adult cells devoted to the production of eggs (female) or sperm (male) needed for sexual reproduction Hypomorph Engineered mouse that has reduced levels of gene expression relative to the level of expression observed in a wild type mouse Indel Genetic mutation leading to a co-localized insertion/deletion resulting in the net gain or loss of nucleotides. A microindel is similarily defined as an indel that results in the net gain or loss of 1-50 nucleotides Knockin (KI) Mice Mice generated by the genetic manipulation of embryonic stem (ES) cells such that a specific genetic locus has been altered either by the one-for-one substitution of DNA sequence information or by the addition of sequence information not found in the endogenous genetic locus Knockout (KO) Mice Mice generated by the genetic manipulation of embryonic stem (ES) cells such that a specific genetic locus is targeted and rendered non-functional either by the insertion of irrelevant DNA sequence information to disrupt the expression of the encoding locus or by the deletion of DNA sequence information from the targeted locus Loss of function (i.e., null) mutation A genetic mutation that results in either the complete loss (null) (Kung et al. 1995) and non-human primate (Mauser et al. 1995) ), or safety/efficacy (e.g., toxicity of Penicillin for clinical use: Guinea pig (Hamre et al. 1943 )) animal models have been, and continue to be, critical to the development and/or improvement of therapeutic modalities. These models have also facilitated recent advances in genomic research. Specifically, changes in gene expression and/or protein structure/function are recognized as root causes of disease. This suggests that unique sequence variations (e.g., deletions or recombination events within the genome and/or within a chromosome(s), specific single nucleotide polymorphisms (SNPs) or indels) inherited by individuals will dictate, and ultimately be predictive of, disease outcome. The complexity of the approaches needed to define these genetic contributions to human disease often required the use of animal models either to develop original hypotheses or validate candidate cellular and/or molecular pathways. This genomic research employed many prokaryotic organisms and eukaryotic cell-based systems, including basic research studies with bacteria (e.g., Escherichia coli) and yeast (e.g., Saccharomyces cerevisiae) as well as the use of invertebrate species (e.g., Caenorhabditis elegans (Stinchcomb et al. 1985) and Drosophila melanogaster (Rubin and Spradling 1982) ), clinically relevant small mammalian models (e.g., mice, Lee et al. 1997) , and preclinical studies in large animals (e.g., non-human primates, Mauser et al. 1995) . In particular, pioneering studies in bacteria (Escherichia coli) have led to the now omnipresent science of molecular biology or, as noted in pop culture, ''recombinant DNA technology'' and/or ''genetic engineering''. Subsequent (and in some cases concurrent) studies of spontaneous mutations in the fruit fly (Drosophila melanogaster) confirmed and often identified fundamental mechanisms by which genetic information confers specific and heritable traits to offspring. In turn, the ever increasing ability to manipulate and characterize DNA sequences and structure quickly cleared the way for genomic manipulations in larger animal species. Historically, the ability to induce heritable genomic changes initially correlated with the sequence complexity of the organisms of interest, occurring first in more primitive organisms such as bacteria (Escherichia coli (1973) ) and yeast (Saccharomyces cerevisiae (1978)) before expanding almost concurrently among invertebrate animal species (e.g., roundworms (Caenorhabditis elegans (1985) ), fruit flies (Drosophila melanogaster (1982)), sea urchins (Strongylocentrotus purpuratus (1985) ) as well as several vertebrate animal models, including amphibians (Xenopus laevis (1983)), fish (Danio rerio (1988) ), chickens (Gallus gallus (1986)), and mice (Mus musculus (1981))). The mouse rapidly became the animal model of choice to understand human disease and translate discoveries into practical therapies because of the genetic, biochemical and physiological similarities shared among mammals, all of which diverged from one another approximately 65-75 million years ago (McKenna 1969) . That is, while less complex single-celled eukaryotes and metazoans such as yeast, roundworms, fruit flies, and sea urchins share a great deal with humans at a molecular mechanistic level, these species, as well as non-mammalian vertebrates, have divergent biochemistry and physiology relative to humans. The noted differences have all but precluded the use of these model systems in many studies of human disease. This review focuses on the techniques of gene manipulation in the mouse to highlight not only the advances in studies of gene expression/function possible with these rodent models but also the increasing ability to understand human disease and translate this knowledge into novel and/or improved diagnostics and therapeutics.
Mouse models of human disease: the ''macroperspective''
In vivo studies of gene expression and biochemical pathways often yield very different results relative to ex vivo experimentation using either primary cell cultures or tissue/organ explants due to the genetic and physiological complexities of a living organism. Thus, while molecular studies of human disease have benefitted tremendously from ex vivo cell culture experiments and even in vivo studies using bacteria, primitive eukaryotes, as well as invertebrate and nonmammalian vertebrate species, these ex vivo/in vivo models often inadequately represent human subjects. The shortcomings of these model systems have helped drive the use of the mouse to model human health and disease. The utility of the mouse, indeed any model system, is dependent on its ability to accurately represent human disease. As such, the mouse in many ways is an exquisite subject for clinically relevant studies:
1. The shared sequence complexity between mice and humans is startling. Although some physiological and immunological differences exist between mice and humans (Mestas and Hughes 2004) , genomic sequencing has demonstrated that of *30,000 genes in both mice and humans only 300 (i.e., 1%) are unique to either species (Waterston et al. 2002) . 2. All mice in a given study are generally on the same genetic background (i.e., mouse models are either in a single inbred strain or they are backcrossed on to a genetic background as to be ''congenic'' for a given strain). As a consequence, all subjects are genetically identical, eliminating potential complicating factors such as genetic variation and unique gene polymorphisms (e.g., SNPs).
3. The inter-generational interval of mice is less than 3 months. Litter sizes are also large enough to permit the rapid expansion of experimental subjects into statistically relevant cohorts. 4. Mice in a given study have defined medical histories and all animals will be equivalently housed, experiencing identical environmental exposures. 5. All mice in a given study are subject to identical experimental protocols and it is possible for all subjects to undergo a complete assessment of endpoint pathologies, including measures of physiological parameters and post-mortem histopathology.
In addition to the qualities noted above, the most significant asset that the mouse offers as a model of human disease is the ability to manipulate its genome (i.e., gene expression) in a Mendelian-inheritable fashion through gene transfer technologies. Although considered by many to be common knowledge now, the historical and logistical issues surrounding the development of gene transfer technologies provide insight as to the value and usefulness of clinically relevant mouse models.
The activities of mouse fanciers in the early 1900s, followed by Ernest Castle at the Bussey Institute and some of his students including Clarence Little (founder of The Jackson Laboratory), led to established lines of genetically identical mice (e.g., C57BL/6J and BALB/cJ)-virtual clones of one another due to generations of selective breeding (Silver 1995) . Early studies of mouse genetics were based largely on spontaneous mutations that would arise in mouse breeding colonies. These mutations were then selectively bred for their noted similarities with particular human traits and/or diseases. Two examples of single gene spontaneous mutations that highlight the utility of these genetic abberations in biomedical research include select oculocutaneous pigment dilution mutations (Swank et al. 1998 ) and immunocompromised strains of mice such as SCID (Severe Combined Immuno-Deficiency) (Bosma et al. 1983 ). In the case of oculocutaneous pigment dilution mutations, several spontaneously occurring mutations in mice result in effects on lysosomes and dense granules of platelets. The subsequent genetic mapping and eventual cloning of at least four homologous loci in humans has since demonstrated that these genes are responsible for the etiology and pathology of the Hermansky Pudlak Syndrome of human patients (Suzuki et al. 2001 (Suzuki et al. , 2002 Zhang et al. 2003) . SCID is the result of another of these serendipitous mutations that exemplifies the value and utility of these model systems. SCID mice lack both B and T cells, leaving them unable to mount any acquired immune response and were immediately identified as a model for patients with severely compromised immunity. Moreover, studies with these mice also demonstrated that human cells/tissues were not rejected following engraftment. Consequently, SCID mice provide a means of performing xenograft studies without the complications of transplant rejection (e.g., Schatton et al. 2008) .
Despite the utility of spontaneous mutations, these events are infrequent, occurring at a rate of *5910 -6 per locus (Stanford et al. 2001 ). In addition, phenotypic characterization of early mouse breeding colonies was usually the result of visual observations by animal husbandry staff. As a consequence, many of these spontaneous mutations were detected because of readily identifiable phenotypes such as unusual behavior, changes in the texture and/ or color of the animal's coat, illness, and/or death. Thus, the reliance on the incidence of spontaneous mutations subsequently gave way to other strategies collectively known as ''forward genetic'' approaches. That is, the initiation of a mutagenic event(s) followed by phenotypic screens to identify mice with a desirable genetic trait. Early forward genetic approaches used radiation and chemical treatments to induce mutations. One of the chemical mutagens, ethylnitrosourea (ENU) (Russell et al. 1979) , was such an effective agent that it is still widely used in several national/international large scale mutagenesis programs (e.g., http://mutagenetix.scripps.edu). Together with the development of high-throughput biochemical, immunological, and physiology-based screens, studies of the gene expression underlying many human diseases were now possible in vivo using this mammalian model (e.g., Hoebe et al. 2006) . In addition to these early mutagenic approaches, strategies have since been developed and employed based on directed gene recombination events. These recombination events include both insertional mutagenesis events and a collection of strategies to identify genes based on their patterns of expression described as ''gene-trap'' approaches. Random integration mutants have been described based on retroviral DNA insertion in the mouse genome (Soriano et al. 1986; Lois et al. 2002) , mutants resulting from DNA integration events associated with the production of transgenic mice (Perry et al. 1995) , and recombination-mediated events using transposons such as Sleeping Beauty and PiggyBac (Luo et al. 1998; Dupuy et al. 2001; Ding et al. 2005) . In contrast, ''gene trap'' approaches are not intended to generate mutants but represent a correlative strategy that relies on engineered recombination events to identify genes with provocative patterns of expression through the use of reporter genes such as b-galactosidase or Green Fluorescent Protein (GFP). Specifically, gene trap vectors typically have reporter genes that are not expressed unless the random integration event integrating the vector into the genome occurs in an intron or exon of a transcription unit. In this case, the integration event results in reporter gene expression that reflects the expression pattern of the endogenous gene or is influenced by ''neighborhood effects'' mediated by transcriptional regulatory elements in proximity of the integration site. Moreover, the reporter gene itself represents a molecular tag for the cloning and identification of the sequences adjoining the integration event. To date, several initiatives have used these methodologies as part of larger strategies, including the use of both retroviral-based gene trap approaches (e.g., ''ROSA'' strains of mice (reviewed in Zambrowicz et al. 1997) ) and transposon-based strategies again using Sleeping Beauty or PiggyBac-based transposon vectors (see for example Wang et al. 2008) .
Gene transfer technologies in mice have also allowed for the generation of novel genetic alterations with which to develop hypothesis-driven studies testing the relevance of unique cell types and/or genetic pathways in diseases. In this ''reverse genetic'' approach a gene of interest is identified as a result of association with human disease and becomes the target of gene transfer studies in mice. Specifically, the abilities to introduce exogenous structural and regulatory gene sequences into the mouse genome (i.e., transgenic mice) and/or to ablate/modify the expression of specific endogenous mouse genes (i.e., knockout/knockin mice) have alone propelled this animal to the forefront of biomedical research of human health and disease pathology.
The production of transgenic mice: introduction of gene sequences into the mouse genome
In the early 1980s several research groups (Gordon and Ruddle (1981) , Costantini and Lacy (1981) , Harbers et al. (1981) , Wagner et al. (1981a, b) developed the necessary strategies to introduce exogenous coding sequences of DNA into the mouse genome, conferring Mendelian inheritable traits. Specifically, gene transfer in mice became possible through the physical introduction of DNA through microinjection of defined sequences into one or both pronuclei of zygote-stage embryos. Microinjected embryos were then surgically transferred into pseudopregnant recipient females where embryonic development proceeds unperturbed, yielding newborn mice approximately 20 days following the procedure (Fig. 1) . In its early stages, this technique had an almost wild west ''shoot from the hip'' character with many mistakes and missteps (Lacy et al. 1983 ). However, years of experience and the pains/joys of trial and error by numerous investigators have yielded an almost artful science by which lines of mice are created that express specific genes in both spatially and temporally defined patterns (Hogan et al. 1994) .
Innumerable transgenic lines of mice constitutively expressing disease-related candidate genes (''transgenes'') have been created to investigate the consequences of gene over-expression. The vast majority of these transgenic models have been constructed using bacterial (i.e., prokaryotic) plasmid vectors containing cDNA clones of genespecific transcripts, genomic sequences encoding a gene of interest, or cDNA-genomic gene hybrids (Hogan et al. 1994) . Although now a commonplace technology, technical difficulties blocking transgene expression were initially encountered that prevented Fig. 1 Overview of the creation of transgenic mice. The fundamental strategy for the production of these strains of mice is ultimately straight-forward: the physical introduction of DNA into a pronucleus of a fertilized egg where it randomly integrates into a single chromosomal location within the genome. Injected eggs are subsequently returned to a surrogate mom to complete gestation with 2% of the injected eggs surviving the process and producing mice carrying the gene of interest (i.e., the transgene) Transgenic Res (2012) 21:327-349 333 the generation of transgenic mouse lines which reproducibly displayed correct spatial and temporal specific gene expression. These difficulties included, but were not necessarily limited to, the recognition that expression constructs used in DNA microinjection could only include limited amounts of bacterial vector sequences (Lacy et al. 1983) and that the DNA microinjection constructs must include the basic recognition sequences eukaryotes use to process nuclear RNAs to form translatable cytoplasmic mRNAs (e.g., the poly(A)-addition signal sequence and exon-intron splicing motifs (endogenous or exogenous) associated with most proteinencoding mRNAs (Palmiter et al. 1991) ). The resolution of these logistical problems has since ushered in a period of ever-expanding growth in the creation and use of transgenic lines of mice as models of human disease. The consequences of constitutive expression of growth hormone (Palmiter et al. 1982) or various inflammatory cytokines (e.g., IL-5, IFN-c, IL-17) associated with allergic inflammation (Lee et al. 1997; Seery et al. 1997; Kim et al. 2002) highlight models that have significantly impacted our understanding of human disease. In addition, other studies have assessed the mechanistic consequences of gene expression in the wrong cell and/or at the wrong time with the goals of defining a broader understanding of gene function and the biochemical/physiological consequences of dysregulated gene expression. For example, transgenic expression of candidate genes that were identified from earlier cell-based and/or patient-based studies demonstrated the feasability of inducing tumorigenesis through tissue-specific expression of oncogenes (Brinster et al. 1984) . In yet another example, this technology has also been useful in studies defining embryonic cell fate during gestation by spatial/ temporal miss-expression of Hox genes (Wolgemuth et al. 1989 ). The realization that homeostatic baseline of healthy individuals and the pathologic events associated with disease are each characterized by specific patterns of enhanced and/or reduced levels of gene expression has made the value of transgenic mice to model human disease difficult to overestimate. Several specific examples highlight the significant utility of these mouse models in the understanding of patient health and disease:
1. The dramatic increase in our understanding of the complexities of gene expression patterns in patients has become the driving force for the identification and further characterization of mice expressing reporter genes to assess expression before during and after disease onset (e.g., (Hu-Li et al. 2001; Keller et al. 2009) ). Additionally, transgenic animals expressing cytocidal gene products have been created to determine the consequences of ablating specific cell types (e.g., Lee et al. 2004; Perl et al. 2011 (Ray et al. 1997) . Moreover, concerns have been raised that persistent constitutive expression of a transgene would have undesirable consequences that were not representative of the ''on again-off again'' pattern of gene expression associated with most diseases, including those chronic in character. As a result, strategies were developed that allowed investigators to control the expression of transgenes by simple benign inclusion of a drug or an inert small molecule. These strategies include the administration of tetracycline and/or doxycycline ( Fig. 2 ) in tetracycline/ doxycycline-inducible mice (Lewandoski 2001) , administration of ecdysone in steroid-inducible mice (Saez et al. 2000) , exposure to tamoxifen in ERt mice (expression of nuclear proteins only Feil et al. 1996) , or the induction of gene expression mediated by the administration of IPTG to inducible Lac-I mice (Cronin et al. 2001 ). 3. Gene regulation that occurs on the order of large chromosomal segments has also been assessed using transgenic mouse approaches with large DNA constructs containing multiple gene sequences such as BAC (Bacterial Artificial Chromosomes (C100 kb) or YAC (Yeast Artificial Chromosomes (C500-1,000 kb)). The use of these vector systems is greatly facilitated by the incredibly high rates of homologous recombination possible in bacteria and yeast, permitting high-throughput recombineering strategies leading to the production of complex genetic alterations within the large DNA constructs associated with these approaches (reviewed in Giraldo and Montoliu 2001) . The use of artificial chromosome vector strategies are highlighted by studies of the enhancer and/or chromatin-domain effects such as those associated with the locus control region (LCR) driving Th2 cytokine expression linked with allergic diseases (Lee et al. 2003) . In these studies, large genomic regions derived from BAC clones were used in transgenic strategies to define, and subsequently validate, the extent to which this LCR contributes to the regulation of Th2 cytokine levels. Studies assessing the importance of specific SNPs and or chromosomal rearrangements are currently underway and will likely make a significant impact on our understanding of disease-associated gene expression (see for example Jiang et al. 2005 ). 4. Viral germline transgenesis represents another strategy to introduce exogenous coding sequences of DNA into the mouse genome. The use of viral vectors as a methodology was initially attempted as early as the 1970s (e.g., (Jaenisch 1976) ), prior to the successes of pronuclear microinjection. However, these early investigations encountered difficulties with silencing of the transgene due to In the example shown here, three constructs are co-injected providing the necessary components to generate mice whose transgene expression is stringently regulated. In Alveolar Type II cells, the surfactant protein C promoter (pSPC) drives expression of both an inhibitory bacterial transcription factor (tet-TS) and an activating/permissive transcription factor (tet-TAM2), each of which is capable of binding a DNA regulatory region known as tetO. In the absence of doxycycline/tetracycline the binding of the inhibitory factor (tet-TS) to the tetO region is greater than the activating/permissive factor (tet-TAM2), silencing gene expression. However, administration of doxycycline/tetracycline to mice leads to conformational changes in the transcription factors such that the affinity of the activating/permissive factor (tet-TAM2) to the tetO region is now greater than the inhibitory factor (tet-TS), inducing expression of the gene of interest Transgenic Res (2012) 21:327-349 335 de novo DNA methylation after insertion. Thus, while germline transmission of the transgene was accomplished, expression was problematic. Lentivirus (a retrovirus family member)-mediated gene transfer has overcome this issue and provides a new and exciting method of germline gene manipulation (Lois et al. 2002) . In these studies, the gene(s) of interest is inserted into a lentiviral vector derived from the human immunodeficiency virus (HIV) which has been manipulated such that once genomic insertion takes place there is no further replication of the viral vector. Transgenic mouse production is achieved by introducing the engineered lentivirus (at the appropriate titer) by simple injection of virus into the perivitelline space (the area between the egg/zygote and its protective ''shell'' (i.e., zona pellucida)) of a zygote-stage embryo. Similar to traditional transgenic mouse production by DNA microinjection, virus-infected embryos are then surgically transferred into recipient females, yielding newborn mice approximately 20 days after the procedure. Relatively high rates of transgenesis have been achieved by this method ([80% of pups may be transgene positive relative to the 10-20% experienced with pronuclear injection). However, because of the labor associated with creating lentiviral transgenes and the added complexity of manipulating lentiviral vectors/virus relative to the simple manipulation of plasmid DNA, relatively few lines have been created to date with this technique. Despite these difficulties, lentiviral transgenesis presents immediate possibilities for the production of ''large-animal'' transgenics or new species transgenesis where such integration efficiencies are very attractive. In addition, this technology has potential application with embryos from strains of mice with which it is difficult to perform traditional pronuclear DNA microinjection (e.g., BALB/cJ). Consequently, lentiviral transgenesis is likely to play an increasingly prominent role in the future of gene manipulation (Park 2007 Smithies et al. (1985) , and Mario Capecchi (Thomas et al. 1986 )) led to a unique strategy of generating mouse models with genespecific changes leading to the generation of null alleles that were Mendelian-inheritable traits. This strategy, summarily known as gene targeting (and/or the generation of knockout mice), exploited the accessibility and plasticity of ES cells and experimental strategies to mediate gene-specific changes in these cells. The ability to return genetically modified ES cells to early embryos, where they contribute to the various cell lineages of the recipient embryo (including the germ line), permitted genomic changes created in cultured ES cells to be inherited by successive generations of mice (Fig. 3) . Early studies using ES cells to generate gene knockout strains of mice were limited to the ''129'' genetic background strain due to historical issues related to the development of ES cells and the perceived ease of generating ES cell lines in this strain (reviewed in Draper and Nagy 2007) . This led to the subsequent wide spread use of these cell lines because of ''if it isn't broke why fix it'' perspectives of various investigators.
Unfortunately, it was recognized early on that these genetic manipulations often resulted in phenotypes (e.g., changes in physiologically relevant parameters) that varied as a function of the background strain (see for example Duguet et al. 2000; Shinagawa and Kojima 2003) . This necessitated laborious, time consuming, and expensive backcrossing of founder animals to generate mice whose altered locus is congenic with background strains commonly used for other mouse models of human disease, typically C57BL/6J or BALB/cJ. More recently, the advent and now common use of ES cells derived from C57BL/6J or BALB/cJ offers an alternative option that allows gene knockout (and now knockin) strains of mice to be generated directly on these genetic backgrounds (reviewed in Seong et al. 2004 ). The utility of mouse models representative of genetic lesions found in human patients has far exceeded even the lofty expectations of early investigators. Studies using these models have provided a wealth of mechanistic data identifying unique cellular and molecular pathways as well as the independent and/or overlap characters of these pathways in mammals. Specifically, ''Systems Biology'' (the science of understanding the complex interactions in biological systems) and the era of ''omics''-genomics, proteomics, metabolomics, etc.-have become paradigms to explain the etiology of many human diseases, in part, as a consequence of the generation and subsequent characterization of mice resulting from gene targeting strategies. The evolution of these gene targeting strategies has been both brisk and complex, transforming what originally was a ''black box'' science into an activity utilized ubiquitously in biomedical research laboratories. As noted earlier, the ''first generation'' mouse models that resulted from gene targeting were the so-called knockouts; that is, animals with engineered null mutations for specific genes (Fig. 3) . Their value to the understanding of systemic biochemistry and physiology of mammals was incalculable, exemplified by the meteoric rise in the number of published reports describing knockout lines of mice deficient for selected gene products. The generation of knockout mice lacking the Trp53 tumor suppressor gene (p53 -/-mice) is a classic example of the usefulness of this technology to model human disease (Donehower et al. 1992 ). Similar to observations from human cancer patients, the loss of Trp53 in knockout Fig. 3 Production of knockout mice: Gene targeting leading to the generation of animals deficient of specific genes of interest. Gene knockout mice are generated in a two staged process that utilizes pluripotent embryonic stem (ES) cells as a vehicle with which to translate experimental genetic manipulations into Mendelian inheritable traits in mice. a Using now standard ''off-the-shelf'' technologies a DNA targeting construct containing specific regions of homology to the gene of interest is transfected into ES cells (usually by electroporation). In the nuclei of these transfected ES cells homologous recombination events occur leading to a 1-to-1 replacement of the endogenous gene with sequence derived from the targeting construct. This process is greatly facilitated by a selection process that identifies ES cell clones that have successfully undergone a targeting event by positive (expression of a neomycin resistance (NEO R ) gene) and negative (expression of the herpes simplex thymidine kinase (TK) gene) drug selection strategies while the cells are in culture. Nonetheless, the frequency of occurrence of these homologous recombination events is incredibly small. For example, the frequency of stable transfection is \0.1% and successful homologous recombination events generally occur at a frequency of 1-5% among cell clones identified by the drug selection schemes, yielding an overall frequency of success\1 in 10 5 events. b Targeted ES cell clones containing the appropriate genetic changes that ablate expression of the gene of interest are transferred to the blastocoel cavities of 3.5 day blastocyst embryos (generally 10-15 ES cells/host embryo) and, in turn, the embryos are transferred to surrogate mothers where gestation is completed. At a frequency highly dependent on the quality and care with which the ES cells are maintained, transferred targeted ES cells contribute to embryonic development, generating ES cell-derived chimeric founder mice with varying degrees of chimerism-in this example, judged by ES cell (black strain of mice) contribution to coat color when transferred into blastocyst embryos from a white strain of mice. Commonly, one or more high chimeric founders are crossed with mice of the background strain from which the ES cells were derived to generate ES cell-derived founder mice which have inherited the targeted gene, generating a null-allele at the chosen genetic locus mice was linked to the onset and progression of many tumors (e.g., lymphomas and osteosarcomas), providing researchers with an invaluable model of this component of carcinogenesis. In summary, these models provide a direct link with events occurring in many diseases. Indeed, assessments of the knockout phenotypes for the targets of the 100 best-selling drugs show that these phenotypes correlate with the known drug efficacies (Zambrowicz and Sands 2003) . It is noteworthy that while the development of new knockout mice no longer appears on the cover of major journals nearly every other month, the remaining importance and underlying need to generate/ distribute new knockout lines of mice are highlighted by the creation of investigator-driven consortiums (see for example, http://genome.gov/17515708), the goals of which are to generate null alleles (i.e., knockout mice) for every gene of the mouse genome (reviewed in Rosenthal and Brown 2007) . Moreover, as part of the trans-NIH initiative Knockout Mouse Program (KOMP, http://komp.org), an effort is underway to generate knockout mice (and/or ensure the availability of targeted ES cells) corresponding to each locus of the mouse genome (Collins et al. 2007 ). Importantly, this initiative has recently been significantly expanded to include the phenotyping of up to 1,500 of these knockout mice with the data available to investigators as a searchable phenotype database (http://kompphenotype.org).
Gene knockout mice have also proven to be invaluable components in conjunction with transgenic lines of mice as a means of generating ''humanized'' mouse models as part of drug discovery strategies. The production of human antibodies from transgenic farm animals had its origins in studies utilizing such a compound knockout/transgenic mice approach (reviewed in Lonberg 2005) . Specifically, two independent groups (Green et al. 1994; Lonberg et al. 1994 ) each utilized homologous recombination in ES cells to engineer similar disruptions of the endogenous mouse heavy-and j light-chain antibody encoding genes. In one report, Lonberg et al. (1994) then used pronuclear microinjection to introduce recombinant mini-loci into the knockout mice representing both a limited human heavy chain locus (i.e., 3 heavy chain variable (V H ), 16 diversity (D), all 6 heavy-chain joining (J H ) regions, and l and c1 constant-region gene segments) as well as a limited human light chain locus containing 4 Vj segments, all 5 Jj regions, and the j constant segment (Cj). In contrast, Green et al. (1994) generated mice with similar human heavy and j light chain mini-loci via DNA transfection into ES cells using yeast protoplasts to deliver a yeast artificial chromosome (YAC)-based vector. These studies subsequently demonstrated that uniquely human humoral responses (i.e., human polyclonal antibody production) to sensitizing antigen were possible from these mice, including the establishment of hybridoma cell lines secreting fully human monoclonal IgM and IgG antibodies. In turn, this set the stage for subsequent studies in larger farm animals such as the cow (Kuroiwa et al. (2002) Nat. Biotechnol. 20, 889-894, Kuroiwa (2004) Nat. Genet. 36, [775] [776] [777] [778] [779] [780] for the large-scale production of antigen/pathogen-specific human polyclonal antibodies.
Interestingly, in addition to replicating genetic deficiencies that were initially shown to be the cause of specific human diseases, knockout mice have also provided significant insights regarding the larger consequences of gene expression in mammals including humans. For example, the generation of knockout mice quickly demonstrated that some genes, previously identified only from their role in disease, were also necessary during embryogenesis (e.g., Vcam-1 (Kwee et al. 1995) and Brca-1 (Hakem et al. 1996) ). The generation of knockout mice has also revealed that many genetic functions in mammals are redundant and the targeted loss of genes that were thought to be critical sometimes had little to no effect (e.g., Joyner et al. 1991) . Although the redundancy of gene function added complexities not predictable on first principles, this phenomenon has often revealed previously unknown and/or underappreciated molecular/cellular pathways that possibly represent new targets for therapeutic intervention. Some studies involving knockout mice have even demonstrated significant differences between mice (i.e., rodents) and humans (i.e., primates). For example, whereas the loss of the CFTR gene in humans is specifically linked to the pulmonary pathophysiological changes of cystic fibrosis (Riordan et al. 1989 ), mice carrying a similar null mutation display virtually no lung phenotype (Snouwaert et al. 1992) . Such studies, while frustrating and seemingly unproductive with regard to modeling human diseases, serve as insightful investigations that attest to the complexity of mammalian biochemistry/physiology and a cautionary note to investigators using mice to model human disease.
The ability to generate null alleles for specific genes clearly provided investigators with an invaluable tool with which to define the role(s) of individual loci. However, strategies based on this technology had a very important shortcoming: Gene ablation occurred in all cells of the mouse and was present even in zygote stage embryos. That is, whereas gene ablation in many knockout mice had specific and easily defined consequences, knockout mice resulting from the ablation of genes that were expressed in multiple cell lineages often had complex phenotypes. An example of this is the observed perturbations and/ or the loss of multiple hematopoeitic lineages as a consequence of eliminating the expression of a single transcription factor, Gata-1 (Pevny et al. 1991) . In addition, these complex phenotypes may arise because of an embryonic lethality associated with the loss of disease-important genes that are also critical to the successful completion of embryogenesis; as noted above representative examples include VCAM-1 : a4 integrin cell adhesive interactions in leukocytes (Springer 1995) as well as extraembryonic lineages (Kwee et al. 1995 ) and the functions mediated by Brca-1 in both mammary tissue (Xu et al. 1999 ) and early embryos (Hakem et al. 1996) . Thus, the embryonic lethal consequence of losing either of these genes limits the usefulness of the respective knockout mice as disease models that by necessity require using adult animals. These complex phenotypes are also often particularly difficult to understand because in some cases the molecular and cellular pathways are not fully understood and in other cases it is difficult to ascribe specific phenotypic events, including which cells are affected, to the loss of a given gene.
The need to address complex phenotypes gave rise to another generation of knockout mice, the so-called ''conditional and/or inducible knockouts'' (Fig. 4) . This experimental strategy capitalizes on the characterization of mechanisms (reviewed in Lewandoski 2001) by which either bacterial phage mediated recombination gains access to the bacterial genome (Cre-lox mediated recombination) or repetitive transposable sequence elements mediate recombination to move within the genomes of simple eukaryotes such as yeast (FLP-FRT mediated recombination). In these organisms, site-specific genetic recombination is achieved by the recognition of small (25-50 bp) repetitive sequence elements, loxP or FRT, by the cognate recombinases Cre or FLP, respectively. The basic strategy associated with the creation of inducible knockout mice is elegantly simple and capitalizes on the absence of these recombination pathways in mammals. ES cell manipulations are used to create a line of mice with recombination sequence elements flanking either the entire gene of interest or functionally important exons of that gene. In parallel, a traditional transgenic line of mice is generated expressing the cognate recombinase with a previously characterized cell-specific promoter. These two lines of mice are crossed (i.e., bred) to generate cell lineage specific knockout mice in which genetic recombination and, in turn, gene ablation occurs only in the cells that express the necessary recombinase. Although this strategy is more complex than a global gene knockout (i.e., in all cells of the mouse), gene ablation in these lines of mice is limited to specific cell populations. Thus, knockout mice with formerly complex compound phenotypes could be re-engineered to create lines of animals in which the loss of gene function occurs only in a specific cell type. The development of a mouse model to investigate the role(s) of the human BRCA-1 gene in breast cancer is a relevant example of the utility of this technology to model human disease. Specifically, the loss of Brca-1 in knockout mice had embryonic lethal consequences preventing the use of these mice in breast cancer studies (Hakem et al. 1996) . However, by limiting the gene deficiency only to mammary gland tissue using a Cre-lox strategy, investigators were able to generate mouse models to study breast cancer in adults by overcoming the embryonic lethality associated with the original knockout line of mice (Xu et al. 1999) . Interestingly, the bottleneck associated with these approaches is often not the availability of lines of mice with genes (and/or exons) flanked by recombination sites (so-called ''floxed mice'' when it involves Cre-lox strategies) but the availability of mice expressing recombinases in a unique cell type(s). Nonetheless, consortia efforts to generate both ''floxed mice'' (e.g., http://jaxmice.jax.org/list/sprs_creRT.html#xprs1804) and cell-specific Cre-expressing (i.e., ''Cre-driver'') lines of animals (e.g., http://informatics.jax.org/ recombinase.shtml) are now beginning to eliminate this strategic gap. Fig. 4 Development of conditional (inducible) knock out mice with temporal, cell, and/or tissue specific ablation of gene expression. To restrict the loss of gene expression in knockout mice in time or location with the body, a binary system of unique strains of mice are developed that utilizes both ES cell-derived genetic manipulations and traditional transgenic technologies. One strain is developed (LOX P) through ES cell manipulations leading to a homologous recombination event that inserts small repetitive sequence elements which are the recognition sequences of DNA recombination enzymes. One set of these repetitive sequence elements (FRT) flank the drug selection markers, facilitating the removal of these markers by breeding the ES cell-derived mouse with a transgenic animal expressing the DNA recombinase recognizing the FRT sequence elements (flippase (FLP)) either ubiquitously (i.e., in all cells) or in cells of the germline. Another set of repetitive sequence elements (LOX P) flank an important sequence region of a gene necessary for expression, including, but not limited to, protein encoding exons, RNA processing motifs, or cis-regulatory elements. In this example, the LOX P elements flank exon 3 of Gene X. The second strain of mice (CRE) necessary for this binary system is a transgenic line expressing the DNA recombinase that recognizes the LOX P repetitive elements (i.e., Cre recombinase) in a temporal and/or spatially restricted pattern. In this example, a constitutive transgenic line of mice is established expressing the Cre recombinase only in the paws of the front limbs of the animals using a ''front paw-specific promoter''. When the binary system is complete and the LOX P mouse is crossed with the CRE line of mice the resulting offspring (CRE-LOX) will express Cre recombinase in the front paws and in doing so mediate the deletion of exon 3 of Gene X through a Cremediated DNA recombination event between the LOX P sequence elements. Thus, in CRE-LOX mice, Gene X is expressed normally in all tissues of the body with the exception of the front paws where the induced genetic ablation of exon 3 renders a null allele of Gene X in this region. It is noteworthy that in addition to spatially restricted knockouts, gene ablation can be restricted temporally through the selective generation of a transgenic Cre recombinase mouse using a promoter that mediates Cre expression at a unique time (e.g., at a specific point during gestation) or under inducible control (e.g., Cre-ERt) Transgenic Res (2012) 21:327-349 341 Traditional genetic studies (regardless of the organism under study) exploited mutations that resulted in both loss of function as well as gain of function. In humans, these latter mutations have often proved invaluable because, in addition to identifying genes of interest, they also provided specific mechanistic insights not possible by gene ablation. The current generation of models developed by gene targeting strategies attempts to create similar gain of function mutations in mice by engineering specific sequence changes as opposed to gene deletion (so called ''knockin models''). These knockin lines of mice did not result from the development of new technologies/methods but instead arose from a more sophisticated use of existing strategies employed in earlier gene targeting efforts (Fig. 5) . Specifically, gene targeting vectors previously designed to mediate the deletion of gene sequences (gene knockouts) were now crafted to mediate the one-for-one replacement of sequences so that defined base sequence changes could be engineered into the genetic locus of interest. These experimental strategies also took advantage of the methodologies used to create conditional knockout mice by using site directed recombination as a means of erasing evidence of genetic manipulations other than the targeted sequence changes of interest. Despite representing the most difficult (and expensive) strategy to develop a gene targeted mouse, these Gene knockin mice similar to their earlier knockout counterparts are generated in a two staged process that utilizes pluripotent embryonic stem (ES) cells as a vehicle with which to translate experimental genetic manipulations into Mendelian inheritable traits in mice. In these strategies, the DNA targeting construct not only contains specific regions of gene homology but also has a uniquely engineered mutation or sequence change such that the 1-to-1 replacement of the endogenous gene with sequence derived from the targeting construct following transfection into ES cells yields an allele in the genome of these cells containing this new sequence variant. In the example here, exon 2 is replaced with a modified version of this sequence information through this gene knockin process. As noted earlier, targeted ES cell clones containing the appropriate genetic changes are transferred to the blastocoel cavities of 3.5 day blastocyst embryos. In turn, the embryos are transferred to surrogate mothers where gestation is completed generating ES cell-derived founder mice which have inherited the new sequence variant (i.e., the knockin mutation), generating a gain-of-function allele at this chosen genetic locus knockin models are very informative, allowing for the introduction of specific genetic aberrations based on earlier in vitro as well as in vivo studies. Moreover, these strategies allow very targeted and limited changes, often replicating the genetic aberrations occurring in patients. Thus, these ''next-generation'' knockin models have become the ''workhorses'' of hypothesis-driven studies whose goals are to define gene function and to integrate these definitions into broader models with which to explain organismal biochemistry and physiology; in many ways representing significant leaps forward in our understanding of gene function and its role in both health and disease (relevant examples reviewed in Roebroek et al. 2003) .
The development of genetically engineered mouse models of increasing complexity to replicate the unique patterns of gene expression occurring in many human diseases Investigators trying to understand human disease understandably focused initially on pathologies whose causal origins were simple and direct; for example, investigations of diseases with single gene origins. However, it soon became apparent that this was a limited strategic approach as the origins of most human diseases are rooted in elaborate cellular and genetic pathways involving multiple genes and/or complex patterns of gene expression. As a result, increasingly complex mouse models were required to replicate these genetic aberrations (see for example Nguyen et al. 2007; Roes 2007; Vignjevic et al. 2007; Wamhoff et al. 2007 ). The development of compound transgenic/knockin conditional mice highlight this approach through the production of animal models by combining transgenic and ES cell-based strategies.''Knockout-first gene trap'' mice represent an early attempt to modulate complex patterns of gene expression using this strategy (Testa et al. 2004 ). This variation of the ''gene trap'' approach that was described earlier is one of the primary technologies employed by the International Knockout Mouse Consortium (www.knockoutmouse.org). Knockin lines of mice at a given locus are generated by concurrently flanking sequences of importance (e.g., an exon) with loxP sites and introducing an FRT flanked reporter cassette containing both splice acceptor sites and a polyadenylation sequence into an intron of the target gene. Thus, before an exon is excised by Cremediated recombination, the gene of interest is already effectively knocked out, encoding a truncated protein which may be traced via the reporter gene incorporated into the knockin allele. The investigator is then strategically left with a choice of simply leaving the reporter gene in place (resulting in a constitutive knockout line of mice-''knockoutfirst'') or removal of the reporter cassette leaving the loxP flanked exon in place which may be subsequently deleted in a specific cell population or at a unique point in time. In some instances splicing events may bypass the reporter cassette leaving some level of gene expression resulting in a hypomorphic allele. The value here is the possibility of using the reporter cassette deliberately as a means of creating reduced levels of gene expression, having utility in situations where deletion of the target gene would otherwise result in an embryonic lethality or where reduced expression levels are informative.
Given the specificity and otherwise unique character of the pattern of gene expression occurring in human diseases (both spatial and temporal), it was also only a matter of time before enterprising investigators would develop equally complex strategies to replicate these unique gene expression patterns in mice. For example, compound transgenic/knockin conditional models have been developed to inducibly express genes and/or to create conditional gene fusions. The potential of inducible gene expression in these models is exemplified by the ''floxed-stop'' cassette approach (see for example Wu et al. 2010) . In this approach, a knockin line of mice is created with an exon containing a stop codon flanked by loxP recombination sequences in direct sequence orientation. This knockin allele generates an mRNA whose translation generates a non-functional truncated product (effectively creating a gene knockout). However, following a cross with a specific Cre-driver transgenic line and the induced excision of the stop codon, cell-specific expression of the knockin locus now occurs. A further refinement of this strategy by crossing the knockin line of mice with an inducible Cre-driver transgenic line allows for both the spatial and, more importantly, the temporalspecific expression of sequences in these compound transgenic/knockin lines of mice. In addition, mouse models have been created using a similar, but modified, approach by engineering an exon of the knockin locus in the opposite direction of transcription that is also flanked with loxP sites that are in an indirect sequence orientation (reviewed in Branda and Dymecki 2004) . In this case, the open reading frame of the knockin locus is disrupted by the exonic sequences in the wrong direction, thus effectively creating a knockout allele. However, when crossed with a specific Cre-driver line of mice, recombinase expression now promotes the inversion of the sequences between the indirect-oriented loxP sites, thus restoring the open reading frame (and in turn promoting gene expression). An even more recent variation of this strategy used a loxP-mismatched Cre/lox cassette to yield stochastic gene expression that led to the random and progressive death of specific cell types. Investigators have used this strategy to generate mouse models of denigrative diseases such as diabetes, wound healing, and progressive deafness (Masato et al. 2011) .
Some of the more sophisticated uses of compound transgenic/knockin conditional lines of mice are found in studies of cancer where investigators are required to replicate both the cell specific character and temporal spontaneity of neoplastic events. The recently developed mouse models of tumor-specific chromosomal translocations (Forster et al. 2005 ), BRCA1-associated breast cancer (Drost and Jonkers 2009) , and preinvasive/invasive ductal pancreatic cancer described by David Tuveson and Tyler Jacks (Hingorani et al. 2003) highlight both the utility and elegant complexities of these compound conditional lines of mice to replicate human disease. Specifically, these compound conditional models utilize multiple unique strains of mice, none of which alone results in neoplastic transformation. The details of the Tuveson/Jacks pancreatic cancer model are particularly instructive and characterize the complexity of this experimental strategy and these compound conditional mouse models (Fig. 6 ). The first of the two mouse strains comprising the pancreatic cancer model is a Kras knockin line of mice with an engineered mutation (KrasG12D) promoting constitutive activation but whose expression is prevented by a loxP flanked stop codon. The second line of mice is a transgenic animal that utilizes the pancreatic glandular epithelial-specific promoter from the Pdx1 gene to drive cell-specific Cre recombinase expression. While neither of these mouse strains develops pancreatic cancer, offspring from crosses of these two strains of mice (Pdx1-Cre Tg/-/KRAS G12D/? ) replicate the full spectrum of human pancreatic cancer, developing spontaneous grade 2 and 3 pancreatic intraepithelial neoplasias (PanIN-2, -3) by 5 months of age with some lesions progressing to fully invasive adenocarcinoma with metastasis to distant organs. This approach thus achieved several important milestones toward the generation of a useful mouse model replicating human pancreatic cancer in mice: (1) Neoplastic transformation replicating human disease through the expression of a mutation commonly found in human pancreatic patients (Gene knockin/ES cell based technology); (2) Expression of this oncogenic mutation was achieved exclusively in the targeted pancreatic islet cells (transgenic mouse production); and (3) The compound character of the model allowed for the maintenance/breeding of mice independent of cancer development (Cre-lox based inducible gene expression).
Conclusion/summary
The development and characterization of increasingly complex mouse models have had profound effects on discoveries pertinent to gene function in mammalian systems. As we move forward, the expectation is that these insights will have ever increasing translational benefits for human patients. The robust understanding of mouse genetics, immunology, biochemistry, and physiology, and gene transfer technologies have now catapulted these rodent models to the forefront of preclinical studies, including the definition/validation of cellular and molecular mechanisms of disease, the creation of novel therapies, and the refinement of existing therapeutic modalities (Fig. 7) . Moreover, the delivery of health care in general is becoming increasingly dependent on a variety of diagnostic assays assessing an individual's ''genomic fingerprint'' (e.g., the identification of unique SNPs) as well as a patient's cellular/tissue/organ-specific pattern of gene expression. The role of mouse models of human disease will thus become ever more critical; the validation/development of diagnostic assays and patient targeted therapeutic modalities represent just two examples. It is noteworthy that a number of the gene transfer technologies first pioneered in the mouse have also made profound indirect contributions to human health and welfare. For example, the gene transfer technologies developed in mice, including the cloning of potentially important animal models (reviewed in Thomson and McWhir 2004) , are now being used to genetically manipulate larger animal species (e.g., domestic livestock) which may have an increasingly vital role in our food supply. In addition, the application of gene transfer technologies and assisted reproductive strategies in these larger animals has led to the development of important and often critical new sources for the production of pharmaceuticals. Ironically, during the last 10,000 years mice have been taking advantage of human shelter and food Fig. 6 Compound transgenic/conditional knockin mouse model of human pancreatic cancer. The complexity of neoplastic transformation occurring in pancreatic cancer was replicated in a mouse model through a unique binary approach breeding a knockin animal capable of inducible expression of a constitutively active oncogene with a cell-specific Creexpressing transgenic mouse. The first component of this compound model is a knockin line of mice (KRAS/Knock-In) generated using ES cells. These mice harbor an inducible allele of KRAS that was constitutively active. Specifically, the engineered KRAS locus in these knockin mice was created by inserting a genetic element upstream of exon 1 that inhibits transcription/translation flanked by functional loxP sites (loxP-STOP-loxP sequence element). In addition, the open reading frame of this KRAS allele was modified with a G to A transition in codon 12 of the open reading frame to produce a constitutively active variant of KRAS (KrasG12D) commonly found in human pancreatic ductal adenocarcinoma. The second engineered mouse of this compound model is a transgenic line (Pdx1-Cre) expressing the Cre recombinase exclusively in pancreatic islet cells through the use of a promoter fragment from the Pdx-1 gene. Each of the component lines of mice are maintained as ''stand alone'' strains with neither developing pancreatic cancer due to the expression of only wild type KRAS. However, offspring resulting from a cross of these mice (Pdx1-Cre Tg/-/KRAS G12D/? ) recapitulate the full spectrum of human pancreatic intraepithelial neoplasias (PanINs); some of these lesions even become invasive and metastatic supplies. Furthermore, they have been the source of many human diseases that have led to untold death and suffering. Nonetheless, in the last 30 years the development and use of gene transfer technologies have allowed mice to shed the mantle of pest and assume the role of our greatest ally in the fight to cure human diseases. Fig. 7 The utility of genetically-modified mouse models in biomedical research. Gene transfer technologies have been, and continue to be, very productive components of a larger approach with which to generate clinically relevant mouse models of human disease that are integral to our understanding of health and the development of new/novel therapeutic modalities
